Ordinary X-ray diffraction measurements by Mo K radiation and anomalous X-ray scattering (AXS) measurements by synchrotron radiation below Fe K absorption edge were used for characterizing the atomic-scale structure of -FeOOH particles with and without sulfate ions. Fourier-transform infrared spectroscopy (FT-IR) was also used for analyzing a change of the bonding structure in the -FeOOH particles by addition of sulfate ions. The realistic atomic-scale structures of the -FeOOH particles with and without sulfate ions were estimated by fitting both the ordinary and environmental interference functions with model calculation using the reverse Monte Carlo (RMC) simulation technique. The results showed that the linkages of FeO 6 octahedral structural units in the -FeOOH particles are distorted by addition of sulfate ions, although the structure of the -FeOOH particles with and without sulfate ions is fundamentally similar to the ideal -FeOOH structure. The structural distortion in the -FeOOH particles with sulfate ions is likely to arise from the incorporation of sulfate ions. The atomic-scale structures visualized for these -FeOOH particles were discussed coupled with the bonding structure observed in FT-IR.
Introduction
Corrosion products of iron consist mainly of ferric hydroxides, oxyhydroxides, oxides, which are formed through anodic and cathodic reactions on the surface of iron or steel under various environments. 1, 2) These components of corrosion products are determined by the amounts of chemical species, such as ferric and ferrous ions dissolved from the iron surface, corrosion conditions and so on. Practically, ferric oxyhydroxides are main components of the corrosion products, and they are known to be formed via olation and oxolation of the FeO 6 units in water and finally dehydrated and/or dehydroxylated to ferric oxide. [3] [4] [5] The structures of ferric oxyhydroxides are fundamentally described by the linkages of FeO 6 octahedral units and these octahedral units are linked by corners, edges, faces or combinations of these linkages to form different structural arrays. 2, 3) The FeO 6 octahedral structural units are maintained even in the amorphous state of ferric hydroxide (Fe(OH) 3 ), 6) and the linkages of the FeO 6 octahedral structural units are likely to be correlated with the morphology and stability of ferric oxyhydroxides. [7] [8] [9] Among ferric oxyhydroxides, the formation of -FeOOH seems to be related to a process of atmospheric corrosion of steel, because -FeOOH contains chloride ions. 1, 2) Recently, the effect of cations and anions on the formation of -FeOOH particles has been focused, since several elements are strongly influence the formation and structure of -FeOOH. [10] [11] [12] [13] [14] However, an influence of anions on the atomic-scale structure of -FeOOH has not been understood yet.
Although the extended X-ray absorption fine structure (EXAFS) method has been used for characterizing the local structure of corrosion products, [15] [16] [17] information obtained by EXAFS appears to be too short range to discuss the atomicscale structure consisting of the FeO 6 octahedral structural units. [18] [19] [20] Although other structural analysis methods provide useful information, they do not necessarily cover whole characteristic features of the structure of corrosion products. [21] [22] [23] [24] [25] Recently, the quantitative X-ray structural analysis coupled with anomalous X-ray scattering (AXS) and the reverse Monte Carlo (RMC) simulation has been successfully used for characterizing the atomic-scale structures of materials in various states such as liquids, glasses and aperiodic systems. 20, [26] [27] [28] This method has been utilized for analyzing the atomic-scale structure of corrosion products formed on the surface of several iron-based alloys. [7] [8] [9] The results showed that the linkages of FeO 6 octahedral structural units were considerably influenced by incorporation of cations and anions during the formation of corrosion products. AXS measurements are applied for estimating the environmental structure around specific cations, because cations are generally of metallic elements, of which the Xrays scattering factor is relatively large. 8) On the other hand, anions such as carbonate and sulfate are composed of relatively light elements, by which X-rays are hardly scattered. Therefore, a combination of AXS measurements with other spectroscopic methods is effective in analysis of the atomic-scale structure of corrosion products containing anions. 9) Sulfate ions are known to play an important role in controlling the morphology of monodispersed hematite (-Fe 2 O 3 ) particles formed in aqueous solution. [29] [30] [31] [32] The shape of -Fe 2 O 3 particles can be controlled by the adsorption of sulfate ions on the surface parallel to the c-axis of -Fe 2 O 3 . Such adsorption of sulfate ions is considered to suppress the crystal growth perpendicular to the c-axis, resulting in the anisotropic crystal growth in -Fe 2 O 3 synthesis. [33] [34] [35] In addition, sulfate ions appear to give a significant influence on the conversion process from Fe(OH) 3 to -FeOOH andFe 2 O 3 particles. 12) Also, sulfate ions are likely to influence the structure of corrosion products, since sulfate ions are sometimes contained in corrosion atmosphere.
This prompts us to study the influence of sulfate ions on the atomic-scale structure of -FeOOH particles synthesized in aqueous solution. In this study, the ordinary X-ray diffraction and AXS measurements below Fe K absorption edge were carried out for analyzing the atomic-scale structures ofFeOOH with and without sulfate ions. The realistic atomicscale structures of these -FeOOH samples were estimated by fitting the interference functions by the RMC simulation method to the experimental results. The atomic-scale structures were discussed coupled with the results obtained by Fourier-transform infrared spectroscopy (FT-IR).
Experimental

Sample preparation
Pure -FeOOH particles with colloidal state were synthesized by hydrolysis of 0.1 M ferric chloride (FeCl 3 ) solution through aging at 373 K. Sulfate ions were added to the initial FeCl 3 solution by 30 mol% to ferric ions to prepare -FeOOH particles containing sulfate ions. These -FeOOH particles without and with sulfate ions are hereafter referred to asFeOOH and -30S, respectively. Electron microprobe analysis of -FeOOH showed that the molar ratio of chorine to iron was 0.17 in it, which are comparable to the ratio for the ideal -FeOOH.
2) On the other hand, the molar ratios of chorine and sulfur to iron in -30S were approximately 0.08 and 0.09, respectively. This suggests that sulfate ions are replaced with about 53% of chloride ions in -30S.
Measurements
Ordinary X-ray diffraction measurements were carried out by an in-house X-ray diffraction apparatus Rigaku RINT-2200, in which Mo K radiation of 17.447 keV (50 kV, 30 mA) was used. The X-ray scattering intensities were measured in a wide range of wave vector, in order to obtain the atomic-scale structure with reliable resolution. AXS measurements were conducted to obtain the environmental interference function for iron in the -FeOOH particles. The beam line used for AXS measurements below Fe K absorption edge was in BL-7C of Photon Factory, High Energy Accelerator Research Organization at Tsukuba in Japan. Atomic scattering factor is expressed by the normal atomic scattering factor and the real and imaginary components of the anomalous dispersion term, f 0 and f 00 . 20) The energies of incident radiations for AXS measurements for Fe were 7.086 and 6.811 keV, which correspond to 25 and 300 eV below the Fe K absorption edge, respectively.
The fundamental local octahedral units of FeO 6 and their linkages in the -FeOOH particles were described using the partial distribution functions obtained by the RMC simulation technique. 7, [26] [27] [28] The RMC routine is essentially identical to that used in our previous works.
8 ) The super-cell ofFeOOH was established with a dimension of 4:224 Â 4:192 Â 4:242 nm 3 in this RMC simulation to secure sufficient atoms in crystal for the computational accuracy. The simulation was conducted with an initial configuration of 5824 atoms (1792 for iron, 3584 for oxygen, 448 for chloride) positioned in the super-cell. The usual periodic boundary conditions, in which the cell is surrounded by the images of itself, were applied, and the interference functions were calculated to obtain the quantitative structural information related with nearest-neighboring correlations. Detailed methods for these AXS measurements and analyses are described elsewhere. 20) A change of the bonding structure in -FeOOH particles by addition of sulfate ions was analyzed by Fourier-transform infrared spectroscopy (FT-IR), in order to investigate the influence of sulfate ions on the atomic-scale structure ofFeOOH. Figure 1 shows IR spectra of -FeOOH and -30S prepared in this work, which were measured a range of 500-1500 cm À1 . Two main absorption peaks are observed at about 630 and 830 cm À1 in the spectrum of -FeOOH. On the other hand, absorption bands appeared at about 1090 cm À1 in -30S, in addition to the main absorption peaks. These absorption bands are considered to be associated with sulfate ions in the tunnels of the -FeOOH structure and sulfate ions adsorbed on the particles, 1, 36) although the precise bonding structure is unclear yet.
Results and Discussion
Infrared spectroscopy
3.2 Ordinary X-ray diffractions and anomalous X-ray scattering profiles Figure 2 shows the ordinary X-ray diffraction profiles of -FeOOH and -30S, which were measured by the in-house X-ray diffraction apparatus. The reference lines forFeOOH, given in the JCPDS database, are also denoted in Fig. 2 . The results indicate that the structure of these samples is fundamentally the -FeOOH structure and other phases are not contained. However, the X-ray diffraction profile of -30S indicates that the atomic-scale structure of -30S is distorted by the incorporation of sulfate ions. Although the incorporated sulfate ions may occupy some site in the structure of -30S or adsorb on -30S particles, techniques for obtaining such structural information appear to be limited. Nevertheless, the environmental structural analysis around iron as well as the average structural analysis of these samples may be available. Therefore, AXS measurements were carried out for studying a difference of the atomic-scale structure between -FeOOH and -30S. The anomalous X-ray scattering profiles for -FeOOH, which were measured at incident energies 25 and 300 eV below the Fe K absorption edge, are shown in Fig. 3 . The diffraction intensities at À300 eV of Fe K absorption edge appear to be higher than those of À25 eV of Fe K absorption edge. A differential X-ray intensity profile calculated from the two intensity profiles was given at the top of Fig. 3 , which indicates the structural information around iron in -FeOOH. The differential intensity profile was obtained from the energy dependence of the anomalous dispersion factor in the vicinity of Fe K absorption edge. It would be noteworthy that the diffraction peak for 301 planes in -FeOOH disappears in the differential intensity profile, whereas this peak is observed in both scattering intensity profiles measured at incident energies 25 and 300 eV below the Fe K absorption edge. This is because the peak originates from arrays of oxygen in crystal, indicating that the differential intensity profile enables us to provide the environmental structural information around iron in -FeOOH. Figure 4 shows the anomalous X-ray scattering profiles for -30S, which were measured at incident energies 25 and 300 eV below the Fe K absorption edge. The differential Xray intensity profile is given at the top of Fig. 4 . The diffraction peaks for 301 planes by oxygen, which were not observed in the differential intensity profile of -FeOOH, were slightly detected. Although the origin of the difference between these two differential profiles in -FeOOH and -30 cannot be certainly identified at the present time, it may be related with heterogeneous distribution of cations and anions such as chloride and sulfate ions in the particles. Thus, the results obtained by AXS measurements provide information of environmental structures for iron in -FeOOH and -30S, which is not available from data obtained by ordinary X-ray diffraction alone.
Experimental and calculated interference functions
The experimental ordinary interference function QiðQÞ and environmental interference function QÁi Fe ðQÞ for iron ofFeOOH in the absence of sulfate ions are shown as dots in Figs. 5(a) and (b). These experimental interference functions were calculated based on the ordinary X-ray diffraction profiles and the anomalous X-ray scattering profiles given in Figs. 2 and 3 , respectively. In a similar manner, the ordinary interference function QiðQÞ and the environmental interference function QÁi Fe ðQÞ for iron of -30S were obtained from the experimental ordinary and anomalous X-ray profiles, as shown in Figs. 6(a) and (b) .
The realistic atomic-scale arrangements in -FeOOH and -30S were estimated by fitting these interference functions transformed from the experimental data with a model using the reverse Monte Carlo (RMC) simulation technique. The β-FeOOH similar to that of -FeOOH, as shown in Fig. 7(a) . This suggests that the fundamental structure of FeO 6 octahedral unit does not seem to be severely influenced by addition of sulfate ions. However, the peaks at about 0.35 and 0.45 nm in g Fe{O for -30S are broader than that for -FeOOH, and slightly shifted. This indicates that the iron-oxygen neighboring correlation in -30S is widely distributed in the crystal. The pair distribution functions of Fe-Fe, g Fe{Fe , for -30S are quite different from that of -FeOOH, as shown in Fig. 7(b) . The profile around the first peak in g Fe{Fe for -30S is considerably deviated from that for -FeOOH. Other distribution profiles of g Fe{Fe for -30S are broader than those of -FeOOH, indicating that the atomic-scale structure is significantly changed by addition of sulfate ions in -30S.
The pair distribution functions of O-O, g O{O , for -30S are also broader than those in -FeOOH, as shown in Fig. 9(c) . Thus, the whole profiles of the pair distribution functions for -30S evidently show that the linkages of FeO 6 octahedral structure units, which are associated with the middle-range order, are considerably distorted by the sulfate ions inFeOOH.
The ideal structure of -FeOOH is shown in Fig. 8(a) , in which chloride ions are not shown for simplicity. The structure of -FeOOH fundamentally considerably differs from that of -FeOOH and -FeOOH, since -FeOOH originally contains chloride ions, which are arranged in body centered cubic array of -FeOOH. The structure of -FeOOH consists of double chains of edge-shared FeO 6 octahedral, and the double chains share corners with adjacent chains to give a three-dimensional structure containing tunnels. These tunnels run parallel to the c-axis, and they are considered to be stabilized by Cl À ions and the average number 1.23 Cl À ions per unit cell occupy two third of the tunnel. 2) Contrary to such ideal case, the realistic atomic arrangements ofFeOOH and -30S estimated by the RMC simulation technique are shown in Fig. 8(b) and (c) . The atomic arrangements in -FeOOH are similar to those of the ideal structure, while the atomic arrangements in -30S are significantly distorted.
Atomic-scale distortion observed in -FeOOH
The distortion in the atomic-scale structure of -30S is likely to arise from to the incorporation of sulfate ions in the -FeOOH structure, which is suggested by FT-IR as shown in Fig. 1 . Thus, anions are considered to influence the linkages of FeO 6 structural units, together with cations. In this work, an influence of sulfur in X-ray scattering intensity was assumed to be small in calculation for the structure of -30S. This is because the sulfur is relatively light elements in the present X-ray scattering measurements and atomic position of sulfur in the unit cell is not be specified. Along with such assumptions, heterogeneous distribution of cations, anions and impurities by addition of sulfate ions in -FeOOH particles may cause some difference between the computed atomic-scale arrangement and the real structure. Nevertheless, the atomic-scale structure for -FeOOH and -30S estimated in this work appears to be reasonable, because they were calculated from the independent information obtained by ordinary and anomalous X-ray scattering measurements.
In addition, the interaction between cations and anions, which are incorporated to ferric oxyhydroxides, should be discussed, since cations as well as anions are likely to influence the atomic-scale structure of ferric oxyhydroxides. For instance, chromium sulfates are sometime added to aqueous solution containing ferric ions in synthesis of -FeOOH and -FeOOH containing chromium, 8, 37) in which sulfate ions may be interacted with chromium. The distortion in the atomic-scale structure of -FeOOH may be enhanced by the incorporation of sulfate and chromium ions because of the mutual interaction between chromium and sulfate ions. 38) Thus, foreign cations and anions are considered to play an important role in the formation of ferric oxyhydroxides through co-precipitation and adsorption of the foreign ions in a complicated manner.
Conclusions
Quantitative X-ray structural analysis by applying anomalous X-ray scattering, coupled with the reverse Monte Carlo (RMC) simulation and Fourier-transform infrared spectroscopy, were used for characterizing the influence of sulfate ions on the atomic-scale structure of -FeOOH. The main conclusions are as follows:
(1) Infrared spectra of -FeOOH containing sulfate ions revealed new absorption bands appeared, which result presumably from the incorporation of sulfate ions to the solid particles. (2) X-ray diffraction profiles showed that the structure ofFeOOH is distorted by the incorporation of sulfate ions in it, although the structure is fundamentally similar to that of pure -FeOOH. 
